Objective: Stretch-activated cation channels (SAC) have been suggested to act as endothelial mechanosensors for hemodynamic forces. 21 21 21
21
influx of extracellular Ca across the cell membrane [13] .
patch-clamp amplifier, low-pass filtered (23 dB, 1000 Hz) 21 Presumably the mechanosensitive Ca influx is mediated at a sampling time of 0.5 ms. Patch pipettes were pulled by the activation of stretch-activated cation channels from borosilicate glass capillaries with 0.3 mm wall (SAC). Such SAC have been identified in vascular endothickness and had a tip resistance of 4 MV in symmetric thelial cells and therefore might act as microsensors for KCl solution. All experiments were performed at room changes in hemodynamic forces [17, 19, 20] .
temperature. In the displayed current traces, single channel In experimental and human hypertension, the endocurrents carried by cations moving from the extracellular thelium is exposed to increased hemodynamic forces. In to the intracellular side are depicted as downward (negaprevious studies, we showed that alterations of SAC tive) currents. function occurred in genetically hypertensive rats as well
If not stated otherwise, in single-channel recordings the as in human hypertension [17, 21] . However, the mechapatch pipette solution contained (in mmol / l): 140 KCl, 1 nisms leading to increased SAC function have not been CaCl , 1 MgCl , and 10 HEPES (pH 7.4). BaCl pipette 2 2 2 defined so far. We hypothesized that increased levels of solution contained (in mmol / l) 90 BaCl , and 10 HEPES 2 fluid shear stress leads to these alterations in SAC func-(pH 7.4) and CaCl pipette solution (in mmol / l) 90 CaCl , 2 2 tion. To test this hypothesis, we performed an electroand 10 HEPES (pH 7.4). NaCl pipette solution contained physiological study to determine SAC function in human (in mmol / l) 140 NaCl, 21 21 without Ca and Mg , filled with 2.5% trypsin and As a quantitative measure of SAC function in the cell incubated for 1 h. Endothelial cells were then harvested membrane of HUVEC subjected to LSS or kept in and transferred to cell culture flasks. Cells were cultivated stationary culture, we determined the number of single in endothelial cell growth medium (Promocell, Heidelberg, SACs (single-channel current density) in cell-attached Germany) containing 2% FCS, 0.4% ECGS / H, 0.1 ng / ml patches at 290 mV by counting the number of current EGF, 1 ng / ml bFGF, and 1 mg / ml hydrocortisone.
amplitudes: in multi-channel patches, we thus assessed the For shear stress experiments, HUVEC of second passage maximum number of superimposed openings of SACs were grown to confluence in petri dishes. One day after during mechanical stimulation (230 mmHg pipette presreaching confluence, HUVEC were subjected to LSS in a sure). We performed a total of 199 cell-attached patchcone-and-plate viscosimeter [22] .
clamp experiments in HUVEC subjected to LSS and 247 The viscosimeter consists of a cone with an angle of 0.58 experiments in controls, respectively. Additional series of rotating on top of a 94316 mm cell culture dish. LSS of 5 experiments were conducted in the presence of 50 mM H7, exposed to LSS was accompanied by a control sample described previously [18] . from the same HUVEC preparation incubated with cell SAC function was determined immediately after shear culture medium supplemented with dextran 5% for the stress exposure and only tight-seal patch-clamp experisame period of time (2, 4 , and 24 h) but in the absence of ments with a seal resistance of more than 4 GV were LSS.
included in the statistical analysis.
Patch-clamp experiments 2.3. Inhibition of tyrosine kinases and protein kinases
Patch-clamp experiments were carried out as described H7 was dissolved in ethanol / water (1 / 1) and genistein before [17] . Single channel membrane currents were in 99% DMSO, respectively, to make a 100 mM stock recorded with an EPC-9 (HEKA, Lambrecht, Germany)
solution. Both inhibitors were added to cell culture medium resulting in a final concentration of 50 mM channel currents through SAC was not detected in a immediately before onset of LSS.
voltage range from 2100 to 1100 mV. Moreover, SAC For controls, 50 mM H7 or genistein were added to the lacked apparent voltage dependence. cell culture medium. SAC function was measured after 4 h and after washout of inhibitors.
3.2. SAC function after shear stress exposure In an additional set of experiments, SAC densities were determined directly in the presence of genistein or H7
To investigate regulation of SAC function by LSS, without LSS exposure. 2 HUVEC were exposed to 5 and 15 dyn / cm of LSS for 2, 4, and 24 h or kept in stationary culture as control.
Reagents
Exposure to LSS led to morphological changes in HUVEC. Elongation of cells could first be observed after 4 All chemicals were purchased from Sigma (Deisenh of LSS and was pronounced after 24 h of LSS (Fig. 2) . hofen, Germany). Cell culture reagents were obtained from Single channel-current densities of SAC in the patchBiochrom (Berlin, Germany) and cell culture medium was clamped membranes were significantly increased in purchased from Promocell (Heidelberg, Germany).
HUVEC exposed to shear stress compared to control HUVEC kept in stationary culture: after 2 h of LSS, 2. pS, n510) and HUVEC kept in stationary culture (33.362 Channel activity immediately ceased when membrane pS; n513). stretch was relieved and could be stimulated repeatedly, although SAC activity showed a rapid rundown after repetitive mechanical stimulation (Fig. 1B) . 2963 pS (n53) for Na . The channel was also permeable In an additional set of experiments we tested the effect for divalent cations. At negative clamping potentials and of protein kinase and tyrosine kinase inhibition on SAC 21 21 with a pipette solution containing 90 mM Ba or Ca as regulation by LSS. charge carrier, the channel had a mean conductance for
Effect of kinase inhibition on LSS-induced SAC
In the presence of genistein SAC densities showed only 21 21 Ba of 1462 pS (n53) and 1163 pS (n54) for Ca a slight tendency to be elevated after exposure to LSS of 2 ( Fig. 1C-E) . A considerable current rectification of single 15 dyn / cm for 4 h (0.6860.12 SAC / patch, n547). To test whether there are direct inhibitory effects of both n57, P,0.01.) (Fig. 4C) . However, stretch-sensitivity of substances on SAC function we performed experiments SAC after exposure to LSS is significantly lower after incubation with H7 or genistein when compared to results function, phosphorylation seems to be involved as inhibi- upregulation of SAC density and attenuated increase of SAC function after exposure to LSS. Therefore, protein phosphorylation might be an important signal transduction 4. Discussion step in regulating SAC expression or integration of the channel into the cell membrane. In our study we characterized a SAC in HUVEC and Alterations in SAC function in HUVEC were observed tested whether SAC function is altered by LSS. With before first macroscopic signs of cell elongation occurred. respect to single channel conductance, cation selectivity, Thus, SAC up-regulation and increase in stretch-sensitivity 21 Ca -permeability, and mechanosensitivity, SAC in did not seem to be a direct consequence of shear stress-HUVEC resembles the characteristics of a SAC previously induced cell elongation. Generally, this is the first study identified in endothelium of tissue slices from human which shows alteration of ion channel regulation as a umbilical veins and in the endothelial cell line EA.hy 926 consequence of exposure to LSS. [21] . SAC with similar properties have also been identified
In previous studies, SAC function has been shown to be in cultured endothelial cells from neonatal pig aorta [19] , altered in hypertension and preeclampsia associated with intact porcine endothelium from atrial endocardium [23] increased hemodynamic forces [37] . In vessel preparation and brain capillaries [24] , as well as in intact endothelium from human umbilical veins of pregnancies complicated by preparations of rat aorta [17] .
preeclampsia, apparent endothelial SAC density was alThe major finding of this study is that LSS is an most doubled compared to SAC density in normal preimportant regulator of SAC function in endothelial cells.
gnancies [21] . Furthermore, an increased SAC function We could show that mechanosensitivity as well as density was observed in adult spontaneously hypertensive rats of SAC in HUVEC is enhanced after exposure to LSS:
(SHR) compared to Wistar-Kyoto (WKY) rats [17] . Later after 2 and 4 h exposure to LSS, SAC density was two-to changes in ion channel properties were interpreted as a threefold increased when compared to controls kept in consequence rather than a cause of hypertension as they stationary culture. Moreover, after 24 h of LSS SAC could exclusively be found in rats with established hydensity remained elevated. In addition to alterations in pertension [17] . However, the mechanism leading to such SAC density, mechanosensitivity of SAC was almost alterations in SAC function in endothelial cells have not doubled after exposure to LSS for 2, 4, and 24 h. With been defined so far. In the present in vitro study, SAC respect to alteration of mechanosensitivity of SAC, previdensity showed a two-to threefold increase depending on ous studies have shown that rearrangement of the actinthe magnitude of LSS. This increase of SAC density was cytoskeleton or phosphorylation of the channel protein similar to increases of SAC densities found in experimenpossibly mediate changes in stretch-sensitivity of SAC tal hypertension. This might indicate that LSS is involved [25] [26] [27] similar to epithelial sodium channels [28, 29] .
in up-regulation of SAC in hypertension. In addition, we Therefore, LSS-induced alterations of endothelial SAC could show that up-regulation of SAC after exposure to function could be explained by early cytoskeletal re-LSS was paralleled by a twofold increase in stretcharrangement.
sensitivity. With respect to alterations in mechanosensitiviIt has been shown in previous studies that disruption of ty of SAC in experimental hypertension, a similar increase cytoskeletal structures leads to an inactivation of SAC of stretch-sensitivity was observed in SHR [17] . 21 function [25, 30] indicating that an intact cytoskeleton is In hypertension, up-regulation of Ca -permeable SAC crucial for SAC function as well as endothelial mechwas interpreted as a compensatory mechanism of the 21 anosensing of shear stress [31] . However, cytoskeletal endothelium to enhance Ca -influx and thereby formation disruption completely abolishes SAC function in endotheliof vasodilating factors in the presence of increased hemoal cells, unfortunately preventing a further investigation of dynamic forces. Such alterations in endothelial calcium whether alterations of SAC function are caused by an signaling in hypertension have also been reported by altered coupling of the channel to cytoskeletal elements.
others. For instance, in endothelial cells of hypertensive 21 In the underlying mechanisms of shear stress-mediated rats, basal [Ca ] is significantly higher compared to i alterations in ECs, protein phosphorylation has been shown normotensive rats [38, 39] . Moreover, flow-pretreatment 21 to play a role. For instance, protein kinase C inhibition enhanced endothelial [Ca ] response in aortas from i significantly attenuated the induction of c-fos as well as normotensive rats by increasing calcium influx [13] . It is shear stress-induced PDF gene induction. Inhibition of tempting to speculate that these alterations in endothelial 21 tyrosine kinases has been shown to suppress NF-kappaBCa homeostasis is mediated by increased SAC function. induced promotor activity in response to shear stress [32- In the present study, SAC density remained up-regulated 2 
35
]. In contrast, shear stress-induced eNOS up-regulation after 24 h exposure to high LSS (15 dyn / cm ). However, 2 was found to be independent of protein phosphorylation at lower LSS (5 dyn / cm ) a tendency towards reversal of [36] . With respect to alterations of SAC densities and SAC up-regulation was observed. This might indicate that
